Skeletal muscle function can be altered by changes in protein structure and motion. Electron paramagnetic resonance (EPR) paired with site-directed spin labeling has been used to study the relationships between (a) muscle force and myosin structure and (b) muscle relaxation and Ca-ATPase motion and structure.
INTRODUCTION
Skeletal muscle function is a key component of exercise, athletic performance, and daily activities. Understanding the molecular factors responsible for changes in muscle function is essential to explain phenomena such as muscle weakness associated with aging, inactivity, denervation, and dystrophies. This understanding requires knowledge not only of translational and transcriptional mechanisms but also of molecular mechanisms that involve protein structure and motion. This requires direct physical measurements of protein structure and protein dynamics, correlated with muscle function. In this brief review, we summarize studies aimed at understanding changes in the structure and function of select skeletal muscle proteins that are essential for optimal muscle performance.
Measurements of protein structure and dynamics require high resolution and specificity. Electron paramagnetic resonance (EPR) is a high-resolution spectroscopic tool, meaning that signals corresponding to different molecular structures and motions can be detected and quantified simultaneously and independently. Site-specific spin labeling paired with EPR provides the specificity needed to detect the structure and motion of distinct sites on selected proteins, even in a complex system like muscle (9, 10) . EPR has a wide range of applications in molecular physiology, but we will narrow this brief review to EPR and site-directed spin labeling of two muscle proteins. For each of these proteins, we describe how information gained from EPR experiments can be used to better understand the relationship between protein structural dynamics and muscle function. We first discuss the contractile protein myosin, focusing on a recent study that has correlated age-associated structural changes in myosin with a decline in muscle force generation (6) . The second protein discussed is Ca-ATPase of sarcoplasmic reticulum, and we focus on two studies that used EPR to investigate age-and exercise-induced changes in the structure and rotational mobility of that membrane protein (3, 4) . Figure 1 illustrates a typical EPR experiment using spinlabeled muscle fibers. First, signals detected in the sample during the experiment come from unpaired electrons, which are absent in most muscle proteins. Therefore, extrinsic molecular probes called spin labels, which are stable nitroxide free radicals, must be strategically introduced into the sample and attached selectively to the molecule of choice (Figure 1 , far left). The successful use of spin labels in the investigation of protein structure and dynamics usually requires that the probe be site specific and attached to the protein of interest and that the probe does not perturb the function of the protein. These conditions must be verified with biochemical and physiological measurements. Maleimide and iodoacetimide derivatives are commonly used labels because they are specific for cysteine residues (Cys). Cys is a fairly uncommon amino acid, and it is typical that only a very small number of Cys residues are reactive in a given protein. For example, Cys707 of the myosin heavy chain and Cys670/674 of the Ca-ATPase are highly reactive with iodoacetimide derivatives, such that it is possible to attach spin labels exclusively at these locations within each protein. If another labeling site is desired, a standard approach is to remove reactive Cys residues by mutation and to introduce a single Cys at the site of choice; this approach is designated "site-directed spin labeling." An important advantage of spin labels is that often high-quality EPR data can be obtained with these probes under physiological or near-physiological conditions, on small (milligram or microgram) amounts of protein, and within a time frame of seconds, as in our muscle fiber example ( Figure 1 ). This is obviously advantageous for studying the relationship between protein structural dynamics and physiological function.
INTRODUCTION TO EPR SPECTROSCOPY
EPR, like other spectroscopic techniques, involves the absorption of light by the sample. In an EPR spectrometer, the light source is a microwave klystron or diode. Microwaves are delivered through a wave guide into a resonator (typically a resonant cavity) that contains the spin-labeled sample (Figure 1 , middle). The cavity is located in a strong magnetic field, which induces a magnetic moment in the unpaired electrons and results in the absorption of microwave radiation ("resonance") if the magnetic field has the correct value. Through scanning of the magnetic field, an EPR spectrum is obtained, in which the derivative of the absorption spectrum is plotted (Figure 1 , far right). Depending on probe choice, sample preparation, labeling procedures, sample orientation, and other conditions of the experiment, spin label probes report protein orientation, rotational motion, conformational changes, or information about the local environment of the protein. The EPR spectrum offers the possibility of high resolution, because different probe behaviors give rise to distinct spectral lines that can be resolved and quantified.
CONTRACTILE PROTEIN EXAMPLE

Myosin
The primary molecular event responsible for force generation in muscle is a global rotation of myosin heads (crossbridges) coupled to myosin-catalyzed ATP hydrolysis. One method of specifically detecting the movement of crossbridges is by using EPR spectroscopy in combination with site-specific spin label probes that are introduced directly into the protein assembly (1, 9) . The advantage of investigating muscle fibers with intact contractile units is the ability to directly correlate muscle function with protein (myosin) structure. The site on the crossbridge most commonly used for labeling with spectroscopic probes has been SH1 (Cys707), the fast-reacting sulfhydryl in the catalytic domain of the myosin head. It has been shown that iodoacetamide spin labels (IASLs) covalently attached to SH1 are sensitive to conformational changes near the myosin active site that occur with ATP hydrolysis and P i release, giving rise to resolved EPR lines that are correlated directly with intermediates in the myosin ATPase cycle (2) . This probe has been used to resolve and quantify distinct structural states of myosin that occur with contraction in skinned skeletal muscle fibers (7, 9, 10) . Recently, EPR has been used to show that the myosin head has two primary structures: a strong-binding (to actin) structural state, in which force is produced, and a weak-binding structural state, in which no force is produced ( Figure 2 ). Thus, methodologies have been established for the use of EPR and site-directed spin labeling to resolve and quantify distinct structural states of myosin in an intact biological system.
Several studies have demonstrated that the force-generating capacity of muscle, or muscle strength, adapts to changes in the pattern of recruitment and/or loading. The peripheral adaptation most often observed with a change in muscle strength is an alteration in muscle mass, usually described in terms of cross-sectional area. Muscle force-generating capacity varies directly with muscle (or fiber) cross-sectional area, and thus the ratio of force to muscle (or fiber) size is defined as specific force. Analysis of specific force allows for a comparison of the intrinsic capacity of the contractile unit between samples or after an intervention, even though muscle cross-sectional area may change. Specific force has been reported to decline in studies of aging, space flight, transplantation, and overload hypertrophy. The question that has not been answered is, At the molecular level, why does this occur? One possibility is that the decline in specific force is due to an alteration in the number of crossbridges producing force, or in other words, it is possible that there is a reduction in the fraction of myosin heads in the strong-binding structural state during contraction.
Application of EPR spectroscopy to changes in myosin structure and muscle function with age
Studies conducted on muscle from rodents as well as from humans have shown that specific force declines significantly with age (e.g., 5, 11) . Recently, it was proposed that the decrement in force-generating capacity of fibers from aged animals may be due to a reduced fraction of myosin heads producing force. To directly test that hypothesis, the high resolution of EPR spectroscopy in combination with the specificity of site-specific spin labeling was used to investigate age-related alterations in the distribution of myosin structural Figure 1 Schematic of the major components in an EPR and site-specific spin label experiment. In this example, a nitroxide spin label probe (far left) is reacted with a small bundle of permeabilized muscle fibers and then placed in a resonant cavity, which is located between two magnets. The cavity illustrated is adapted to allow buffers to flow over the fibers and to accommodate a transducer to monitor force developed by the fibers when buffers containing ATP and Ca 2ϩ are flowed. Microwave energy ( 10 GHz) is delivered through a wave guide and absorbed by the unpaired electrons in the labeled fibers. The result is a high-resolution EPR spectrum that is sensitive to orientation and rotational motion.
states during muscle contraction (6) . Muscle fibers from young and aged rats were used in those studies. Fibers were permeabilized and prepared for EPR experiments by spin labeling specifically at Cys707 (SH1) in the catalytic domain of the myosin head with IASL.
Specific force in fibers from older animals was 27% lower relative to fibers from the younger animals (6) . EPR spectral analyses of the spin-labeled fibers showed that during a maximal isometric contraction, myosin heads in the strong-binding (force-producing) structural state was approximately 30% lower in fibers from aged animals than in those from the young animals ( Figure 3 ). This 30% age-related reduction in myosin heads producing force during a maximal contraction was very similar to the 27% age-related reduction in specific force. Therefore, it was concluded that structural changes in the myosin head provide a molecular mechanism for much of the reduction in force-generating capacity of those fibers.
MEMBRANE PROTEIN EXAMPLE
Ca-ATPase
EPR spectroscopy is also a powerful tool for determining properties of membrane proteins, such as the sarcoplasmic reticulum (SR) Ca-ATPase. The SR Ca-ATPase is responsible for the active transport of calcium from the cytosol into the SR lumen, thus removing Ca 2ϩ from the vicinity of the contractile proteins and causing muscle relaxation. Therefore, changes in Ca-ATPase function have a direct impact on muscle performance. Like myosin, the function of the Ca-ATPase in muscle can be altered in response to changes in muscle recruitment and/or loading. This can occur via a number of mechanisms, including (a) changes in the interactions of Ca-ATPase with regulatory proteins or with other Ca-ATPase proteins or (b) alterations in the dynamics of the surrounding membrane. These molecular changes have functional consequences, such as decreased Ca-ATPase activity that results in prolonged muscle relaxation time.
Two complementary EPR spectroscopic methods have been used to elucidate changes in membrane dynamics and protein-protein interactions and provide a structural basis for understanding alterations in Ca-ATPase function. (a) Conventional EPR spectroscopy is used to measure fast (nanoseconds) motion of membrane lipids and to provide information about membrane dynamics. The probes used to measure membrane dynamics are stearic acid analogs of membrane lipids containing a nitroxide reporter group that partition into membrane and report the motion of the lipids.
Figure 2
Structural changes of the myosin head during muscle contraction, coupled to the ATPase cycle. EPR has shown that force is produced when the myosin head changes from a weak-binding structure (gray), in which the catalytic domain is dynamically disordered, to a strong-binding structure (black), in which the head is rigid (1, 10) . EPR with site-specific spin labeling is the only method that is able to directly determine the fraction of myosin heads in the weak-binding and strong-binding structural states during a muscle contraction.
Figure 3
Low-field portion of EPR spectra of fibers from young adult and aged rats. Spectra in rigor (assumed to be 100% strong-binding myosin heads) and relaxation (assumed to be 100% weak-binding myosin heads) are the same in fibers from young adult and aged rats. However, the spectra in contraction, which are a linear combination of rigor and relaxation spectra, are different between fibers from young and aged animals, indicating that the structure of the myosin head is altered in an age-dependent manner (adapted from Lowe et al. [6] ).
Volume 29 ⅐ Number 1 ⅐ January 2001 EPR in Muscle Physiology 5 (b) Saturation transfer EPR (ST-EPR) in combination with site-specific spin labeling is used to measure slow (microseconds) rotational motions of membrane proteins. Membrane protein function/activity is dependent on the rotational motion, or the movement of the protein within the plane of the membrane. This in turn is influenced by the fluidity of the membrane and the size of the rotating protein unit (Figure 4 ). Parallel measurements of both membrane dynamics and protein rotational motion are thus required to provide unambiguous interpretation of changes in protein rotational motion. For example, slower rotational motion with unchanged membrane dynamics indicates the presence of larger protein units or protein aggregates, as illustrated in Figure 4 .
Application of EPR spectroscopy to changes in Ca-ATPase structure and muscle function with aging and exercise
Aging is accompanied by diminished muscle performance, resulting in part from substantial decreases in the speed of muscle contraction and increases in muscle relaxation times. These deficits in muscle performance suggest defects in the calcium regulatory proteins, including the SR Ca-ATPase. Indeed, several groups have documented age-related decreases in Ca-ATPase function, supporting the idea that the Ca-ATPase is altered in an age-dependent manner. However, until recently the molecular basis for diminished Ca-ATPase function was not well established. Ferrington and colleagues (4) used EPR spectroscopy to directly assess whether Ca-ATPase structure or motion or membrane dynamics were altered in an age-dependent manner. In that study, the SR isolated from the skeletal muscle of young and old rats was used to investigate the structural basis for the decreased functional stability observed for Ca-ATPase from aged muscle. They found the Ca-ATPase from aged muscle exhibited substantially slower rotational motion and that membrane dynamics were unchanged with age. Those results indicate that the slower rotational motion of the Ca-ATPase is due to an increase in the size of the rotating protein unit, suggesting that Ca-ATPase from aged muscle has a greater tendency to aggregate (Figure 4 ). Structural changes, like protein aggregation, have an impact on Ca-ATPase function. In fact, in that study, decreased Ca-ATPase activity correlated with the formation of protein aggregates (4) . Subsequent investigations by that research group have established that the increased tendency for aggregation is due to oxidative modifications that alter the structure of the Ca-ATPase in aged muscle (8 and references therein).
EPR has also been used to investigate the molecular basis for increased activity of the SR Ca-ATPase after an acute bout of exercise (3) . The authors found that Ca-ATPase rotational motion and membrane dynamics were unchanged in rat hindlimb muscles after treadmill exercise. Therefore, changes in Ca-ATPase aggregation or alterations in membrane fluidity could be ruled out as a molecular mechanism for activating the Ca-ATPase after exercise. Alternative mechanisms for the time-dependent increase in Ca-ATPase activity were suggested, including an exercise-induced increase in protein turnover and alterations in the regulatory proteins associated with the Ca-ATPase.
CONCLUSIONS
EPR spectroscopy, in combination with site-specific spin labeling, can resolve and quantify the structures and motions of specific proteins under physiological conditions in muscle fibers or membranes. In this brief review, we summarized how EPR of spin-labeled muscle proteins can be used as a powerful tool to investigate potential underlying molecular mechanisms associated with skeletal muscle functional changes, which may be secondary to aging, exercise, immobilization, denervation, or disease states.
Figure 4
The function of the Ca-ATPase is to pump Ca 2ϩ from the cytosol of a muscle fiber into the lumen of the SR. Membrane proteins, such as the Ca-ATPase, undergo rotational motions, which are required for optimal protein function. Aggregation of membrane proteins leads to suboptimal (slower) rotational motions, culminating in reduced protein function: in this case, a reduced ability to transport Ca 2ϩ into the SR.
